localizations-fimbrin Fim1 and ADF/cofilin ADF1 (endocytic actin patches) and 47
tropomyosin Cdc8 (cytokinesis contractile ring) (hereafter called Fim1, Adf1 and Cdc8)-48 that help facilitate their sorting to the proper F-actin networks in fission yeast (Skau and 49 Kovar, 2010; Christensen et al., 2017) . Specifically, we discovered that synergistic 50
activities between Fim1 and Adf1 rapidly displace Cdc8 from F-actin networks such as 51 endocytic actin patches (Skau and Kovar, 2010; Christensen et al., 2017) . Although Fim1 52
prevents Cdc8 from associating with endocytic actin patches, it is unclear how Fim1 is 53
prevented from associating with other F-actin networks such as the contractile ring. 54
Therefore, we sought to determine whether other ABPs at the contractile ring prevent 55
Fim1 association. In this study, we demonstrate that Fim1 competes with the contractile 56
ring ABP a-actinin Ain1 (hereafter called Ain1) for association with F-actin, and that their 57 ability to compete is defined by their residence time on F-actin. Additionally, we show that 58
although Fim1 outcompetes both Cdc8 and Ain1 individually, Cdc8 enhances Ain1-59 mediated F-actin bundling ten-fold, allowing the combination of Cdc8 and Ain1 to compete 60
with Fim1 for association with F-actin. 61 62 RESULTS 63 64 F-actin crosslinking proteins Fimbrin Fim1 and α-actinin Ain1 compete at the 65 contractile ring and at actin patches 66 We speculated that competition with contractile ring ABPs prevents Fim1 from strongly 67 associating with the contractile ring. Increasing the percentage of soluble Fim1 might 68 therefore allow Fim1 to outcompete its contractile ring competitors. As Fim1 is 69 concentrated in actin patches (Nakano et al., 2001; Wu et al., 2001) , actin patch depletion 70 by treatment with the Arp2/3 complex inhibitor CK-666 (Nolen et al., 2009; Burke et al., 71 2014) is expected to result in a rapid increase of free Fim1 in the cytoplasm. When fission 72 yeast cells expressing Lifeact-GFP were treated with CK-666, we observed a depletion 73 of actin patches and the formation of excessive 'ectopic' actin cable and contractile ring 74 material ( Figure 1A ) (Burke et al., 2014) . 75
In control (DMSO-treated) cells, Fim1-GFP localized predominantly to actin 76 patches, with only a small amount associating with the contractile ring ( Figure 1B , left) 77 (Wu et al., 2001) . However, following CK-666 treatment, Fim1-GFP strongly associated 78
with the contractile ring and to a subset of ectopic F-actin ( Figure 1B supplement 2). Conversely, Ain1 was depleted from the contractile ring following CK-666 83 treatment ( Figure 1C ). Therefore, we hypothesized that Fim1 and Ain1 are competitors, 84
and that enhanced Fim1 association with the contractile ring following CK-666 treatment 85 displaces Ain1. We tested this hypothesis by observing Ain1 localization in a strain lacking 86
Fim1 (fim1-1Δ, Ain1-GFP). In the absence of Fim1, Ain1-GFP was not displaced from the 87 contractile ring following CK-666 treatment ( Figure 1D ). Localization of Fim1 to the 88 contractile ring and displacement of Ain1 from the contractile ring occurred at all stages 89 of contractile ring assembly and constriction ( Figure 1-figure supplement 3) .
90
If competition between Fim1 and Ain1 is a primary driver of their sorting to distinct 91 F-actin networks, we expected to observe Ain1-GFP erroneously localized at actin 92 patches in the absence of Fim1. However, we observed Ain1-GFP at actin patches in less 93 than 1% of fim1-1Δ cells ( Figure 1G , Video 1). It is possible that a combination of the low 94 number of Ain1 molecules (~3,600±500, (Wu and Pollard, 2005) ), and the high density of 95 F-actin in actin patches (5,000-7,000 actin molecules in each of 30-50 actin patches, (Wu 96 and Pollard, 2005; Sirotkin et al., 2010)), may dilute the Ain1-GFP signal beyond 97 detection. Therefore, increasing the concentration of Ain1-GFP might allow observable 98
Ain1-GFP at actin patches, but only in a fim1-1Δ background. Indeed, Ain1-GFP 99 overexpressed under the 41xnmt promoter was observed to localize to actin patches in 100 ~67% of fim1-1Δ cells ( Figure 1F -G, Video 1), but in only ~10% of cells expressing 101 endogenous Fim1 ( Figure 1E ,G, Video 1). These findings indicate that Ain1 is less able 102
to associate with actin patches in the presence of Fim1, suggesting that Fim1 and Ain1 103
compete for association with F-actin in actin patches as well as the contractile ring. 104 105
Fimbrin Fim1 and α-actinin Ain1 dynamics on F-actin define their competitive 106 effectiveness 107
Ultrastructural and mutational studies of fimbrin/plastin and α-actinin from several 108 organisms revealed that they bind to a similar site on F-actin (Holtzman et al., 1994; Honts 109 et al., 1994; McGough et al., 1994; Galkin et al., 2010; Galkin et al., 2008) . However, 110
while fission yeast fimbrin Fim1 is relatively stable on single filaments (k off = 0.043±0.001 111 s -1 ) and very stable on F-actin bundles (k off =0.023±0.003 s -1 ) (Skau et al., 2011) , α-actinin 112
Ain1 has not been observed on single filaments and is extremely dynamic on F-actin 113 bundles (k off =3.33 s -1 on two-filament and three-filament bundles) (Li et al., 2016) . 114
Therefore, we hypothesized that Fim1's longer residence time on F-actin bundles may 115 explain its ability to outcompete Ain1 for the same F-actin binding site. To test this 116 possibility we took advantage of the Ain1 mutant Ain1(R216E), which is less dynamic on 117 F-actin bundles (k off =0.67 s -1 and k off =0.33 s -1 on two-and three-filament bundles, 118 respectively) (Li et al., 2016) , and assessed its ability to compete with Fim1 in vitro and 119 in vivo. 120
We utilized multi-color TIRF microscopy (TIRFM) to visualize fluorescently labeled 121 Fim1 in the presence or absence of unlabeled Ain1 on actin filaments. 50 nM Fim1-TMR 122 fully decorated actin bundles and was also present on single actin filaments ( Figure 2A -123 B). Compared to Fim1-TMR alone, less Fim1-TMR was associated with single actin 124 filaments and two filament F-actin bundles in the presence of either 1 μM wild-type Ain1 125
or Ain1(R216E) (Figure 2A-B ). However, there was little difference in the amount of Fim1-126
TMR associated with single filaments or two-filament bundles in the presence of wild-type 127
Ain1 or mutant Ain1(R216E).
128
Unlike the in vitro results, the less dynamic Ain1(R216E) mutant was better than 129 wild-type Ain1 at competing with fimbrin Fim1 in vivo. In fission yeast cells expressing 130 endogenous levels of Fim1, overexpressed mutant Ain1(R216E)-GFP localized to actin 131 patches in 100% of cells ( Figure 2C ,E, Video 2), while overexpressed wild-type Ain1-GFP 132 was localized to actin patches in only ~9% of cells ( Figure 2C ,D, Video 2). The disparity 133 between Ain1(R216E)'s ability to compete with Fim1 in vitro versus in vivo potentially 134
suggests that slight differences in dynamics may have a bigger effect in a cellular context. 135
In particular, the dynamics of ABPs such as Ain1 may be finely tuned to allow for proper 136 sorting given the large number of actin interacting proteins, with a small change in 137 dynamics skewing the sorting. Alternatively, it is possible that certain aspects of our in 138 vitro system (such as muscle vs fission yeast actin or post-translational modifications of 139
Fim1 (Miao et al., 2016) ) do not mimic the exact conditions present in vivo. 140 141
Tropomyosin Cdc8 and α-actinin Ain1 do not compete for association with actin 142 filaments 143 We previously reported that tropomyosin Cdc8, an F-actin side-binding protein that 144
associates with the contractile ring, is displaced from F-actin by fimbrin Fim1 and is 145 therefore prevented from associating with actin patches ( 3), demonstrating that Ain1 and Cdc8 are capable of co-existing on the same F-actin 151 network in vitro, as they do at the contractile ring in cells. Remarkably, TIRFM assays 152 also revealed that Cdc8 actually enhanced the bundling ability of Ain1 ( Figure 4G -J). 500 153
nM Cdc8 increased Ain1-mediated bundling 10-fold over Ain1 alone ( Figure 4K , Video 4).
154
This finding is surprising as Ain1 is generally considered to be a poor bundling protein (Li 155 et al., 2016) , and suggests that the combination of Ain1 and Cdc8 may allow for significant 156 bundling to occur in the context of the contractile ring despite Ain1's poor bundling ability 157
alone. 158 159
Tropomyosin Cdc8 and α-actinin Ain1 cooperate to displace fimbrin Fim1 from 160 actin filaments 161
On their own, both α-actinin Ain1 and tropomyosin Cdc8 are outcompeted by fimbrin Fim1 162
for binding to F-actin. Furthermore, there are ~86,500 Fim1 polypeptides in the cell, but 163 only ~3,600 Ain1 molecules (Wu and Pollard, 2005) , raising the question as to why more 164
Fim1 is not associated with the contractile ring in wild-type cells. Given that Cdc8 165 enhances the bundling ability of Ain1, we speculated that the combination of Cdc8 and 166
Ain1 might inhibit Fim1 association with contractile ring actin filaments. We tested this 167 possibility by performing three-color TIRFM with labeled ABPs and quantified Fim1 168 association with F-actin in the presence of Cdc8 and/or Ain1. As described above, in the 169 absence of other ABPs, Fim1 fully coats F-actin bundles (Figure 2A,B ). In the presence 170 of either Cdc8 ( Figure 5A ,D) or Ain1 (Figure 2A ,B) alone, less Fim1 is associated with 171 two-filament bundles, demonstrating that though Fim1 is a better competitor than both 172
Ain1 and Cdc8, both compete to different extents with Fim1 for association with F-actin. 173
In the absence of Ain1, Cdc8 is displaced from F-actin bundles by Fim1 in a 174 cooperative manner, with segments of F-actin bundles completely devoid of Cdc8, 175 concurrent with regions of high Fim1 localization ( Figure 5A , Video 5, (Christensen et al., 176 2017)). Conversely, in reactions containing Ain1, ~16% less Cdc8 is displaced by Fim1 177 from two-filament F-actin bundles ( Figure 5B ,C, Video 5). Additionally, ~90% less Fim1 178
is observed to associate with these bundles ( Figure 5B ,D, Video 5), suggesting that the 179 combination of Ain1 and Cdc8 are capable of preventing Fim1 association with F-actin 180
networks. We speculate that though Ain1 alone is a poor competitor with Fim1, its 181 competition for the same binding site as Fim1 allows it to prevent long stretches of Fim1 182 from forming that might be capable of displacing Cdc8. We discovered that the contractile ring ABP α-actinin Ain1 competes with fimbrin Fim1, 205
and that their dynamics regulate their ability associate with different F-actin networks. In 206 particular, we found that a less dynamic mutant Ain1(R216E) localized to F-actin patches 207
in the presence of Fim1. However, in addition to mislocalizing to actin patches, 208
Ain1 ( Additionally, increasing concentrations of Cdc8 actually enhance F-actin bundling 223
in the presence of Ain1 ( Figure 3G-K) . This bundling enhancement could potentially arise 224 from (1) Cdc8 increasing the residence time of Ain1 on F-actin, or (2) Cdc8 altering the 225 persistence length of F-actin, making the stiffer actin filaments more likely to be 226 incorporated and maintained in a bundle. As we suspect that lowering Ain1 dynamics may 227 negatively affect both contractile ring assembly and constriction (Li et al., 2016) , we favor 228 the second mechanism. 229 230
Tropomyosin Cdc8 and α-actinin Ain1 work together to compete with fimbrin Fim1 231 at the contractile ring 232
Despite the ability of fimbrin Fim1 to actively displace tropomyosin Cdc8 from F-actin 233 bundles ( Figure 3E -F), Cdc8 is also capable of inhibiting Fim1 association with F-actin 234
( Figure 5D ). Together, we observe that, in our experiments, a-actinin Ain1 and Cdc8 235 prevent ~90% of Fim1 association with F-actin bundles. Alone, Cdc8 prevents ~50% of 236
Fim1 association while Ain1 alone prevents less than 35% of Fim1 association. It should 237
be noted that though Ain1 and Cdc8 work together to compete with Fim1, our reactions 238 contain low concentrations (50 nM) of Fim1 compared to Ain1 (500 nM or 1 μM) and Cdc8 239
(2.5 μM). Similarly, given the potent F-actin binding and bundling capabilities of Fim1, a 240
reasonable assumption is that in a cell Cdc8 and Ain1 may only prevent a portion of Fim1 241
polypeptides from associating with contractile ring F-actin. One possibility is that other 242
ABPs or sets of ABPs at the contractile ring help inhibit Fim1 association. Secondly, 243
budding yeast fimbrin Sac6 is phosphorylated at different stages of the cell cycle, which 244 affects its ability to bundle F-actin (Miao et al., 2016) . Fission yeast Fim1 might be similarly 1420709. We thank Charlie Dulberger and Yujie Li for assistance with Ain1 purification. 259
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MATERIALS AND METHODS 263
Strain construction and growth 264
Fission yeast strains were created by genetic crossing on SPA5S plates followed by 265 tetrad dissection on YE5S plates. Strains were screened for auxotrophic (leu, ura) or 266 antibiotic (nat, kan) markers and maintained on YE5S plates. Glycerol stocks were 267 created by pelleting cells and resuspending in 750 μL media and 250 μL of 50% sterile 268 glycerol.
270
Cell imaging and treatment with CK-666 271
For live cell imaging, cells were grown in YE5S media overnight at 25°C, subcultured into 272 EMM5S media without thiamine, and kept in log phase for 20-22 hours at 25°C. Cells 273
were imaged directly on glass slides. Z-stacks of 10 slices, 0.5 μm apart were acquired 274 with a 100x, Cells were grown as stated above, and incubated with CK-666 or an equivalent volume 280 of DMSO (control) in a rotator at 25°C for 30 min prior to imaging. Cells were then 281 immediately imaged as above.
283
Contractile ring fluorescence quantification 284
Contractile ring maturation was divided into three stages by measuring the distance 285 between spindle pole bodies (SPBs, visualized by Sad1-tdTomato) and noting 286 constriction of the contractile ring. Stage 1 cells had SPBs less than 6 μm apart, with no 287 observable ring constriction. Stage 2 cells had SPBs greater than 6 μm apart, with no 288 observable ring constriction. Stage 3 cells had SPBs less than 9 μm apart, with evident 289 ring constriction. Quantification of ABP association with defined contractile rings (stages 290 2 and 3) is shown in Figure 1B Tropomyosin Cdc8 antibody staining 301
Following standard growth and culturing protocols for live cell imaging, fission yeast cells 302
were stained with anti-Cdc8p (Cranz -Mileva et al., 2015) . Cells were first fixed in 16% 303 formaldehyde for 5 minutes at 20°C. Cells were then washed in cold 1X PBS and 304 resuspended in 140 μL 1.2M sorbitol. 60 μL fresh protoplasting solution (3 mg/ml 305 zymolase 100T in 1.2M sorbitol) was added and cells were incubated for 7 minutes on a 306 rotator at room temperature. 1 mL of 1% Triton-X was then added to the cells and 307 incubation continued for 2 minutes. Cells were then pelleted and resuspended in 0.5 mL 308 PBAL (10% BSA, 100 mM lysine monohydrochloride, 1 mM NaN 3 , 50 ng/ml ampicillin in 309 PBS) and incubated for 2.5 hours on a rotator at room temperature. Cells were 310 resuspended in 100 μL of anti-Cdc8p 1:10 in PBAL (gift of Sarah Hitchcock-DeGregori) 311
and incubated overnight at 4°C on a rotator. Following incubation with primary antibody, 312 cells were washed 3 times with 0.5 mL PBAL, resuspended in 50 μL Alexa-Flour 555 goat 313
anti-rabbit secondary antibody (Thermo-Fisher Scientific, Carlsbad, CA) (1:100 in PBAL), 314
and incubated for 90 minutes at room temperature on a shaker in the dark. Cells were 315 then washed 5 times with 0.5 mL PBAL and resuspended in 20-30 μL PBAL for imaging. 316
Cells were stored at 4°C and imaged within 48 hours of staining. 317 318
Phallicidin staining 319
BODIPY-phallicidin staining of fission yeast cells was adapted from Sawin and Nurse, 320
1998. BODIPY-phallacidin powder (Thermo Fisher Scientific, Waltham, MA) was 321 resuspended to a concentration of 0.2 units/µL in methanol, aliquoted, lyophilized, and 322 stored at -20°C. Fission yeast were grown overnight in YE5S media and fixed in 16% 323 paraformaldehyde for 5 minutes at room temperature. Cells were washed with room 324 temperature PEM buffer 3 times and permeabilized in PEM with 1% triton X-100 for 325 exactly 1 minute. Cells were then spun for 30 seconds at 7000 RPM. Cells were washed 326 in PEM buffer 3 times and resuspended in 10 µL PEM buffer. Lyophilized BODIPY-327
phallacidin was resuspended to 1 unit/µL. 1 µL (1 unit) of resuspended phallacidin was 328 added to 10 µL of cells in PEM buffer and incubated in the dark for 30 minutes at room 329 temperature. Following incubation in the dark, cells were washed with 1 mL PEM and 330 spun at 7000 RPM for 30 seconds. Supernatant was removed and cells resuspended in 331 a small volume. For cells stained with anti-Cdc8p and BODIPY-phallicidin, cells were first 332 treated with primary and secondary antibodies, washed with PBAL, and then stained with 333 BODIPY-phallicidin. 334 335
Protein purification 336
Chicken skeletal muscle actin was purified as described previously (Spudich and Watt, 337 1971) . Fimbrin Fim1 and tropomyosin AlaSer-Cdc8 (WT and I76C mutant) were 338 expressed in BL21-Codon Plus (DE3)-RP (Agilent Technologies, Santa Clara, CA). His-339
tagged Fim1 was purified using Talon Metal Affinity Resin (Clontech, Mountain View, CA) 340 (Skau and Kovar, 2010) . Cdc8 was purified by boiling the cell lysate, performing an 341 ammonium sulfate cut, and running on an anion exchange column (Skau and Kovar, 342 2010). His-tagged wild-type α-actinin Ain1 and mutant Ain1(R216E) were expressed in 343
High Five insect cells using baculovirus expression and purified using Talon Metal Affinity 344
Resin (Li et al., 2016) . 345
The added to a flow chamber and imaged at room temperature at 5 s intervals (unless 363 otherwise noted). 364 365
Quantification of bundling 366
The percentage of actin filaments bundled was quantified at similar actin filament 367 densities (between 2095 and 2295 μm total filament length) for each experiment. The 368 total actin filament length in the chamber was measured manually by creating ROIs for 369 every actin filament and measuring total actin filament length in FIJI (Schindelin et al., 370 2012; Schneider et al., 2012) . ROIs for every segment of actin filament present in a 371 bundle were then created and total bundled filament length measured. The ratio of actin 372 filament present in a bundle vs. total actin filament length was then calculated. 373 374
Quantification of fluorescence intensity on actin filaments or bundles 375
Fluorescence intensity on actin filaments was quantified on movies taken under the same 376 microscope conditions (laser intensity and angle, exposure time) and with the same 377 protein batches. Fluorescence intensity was quantified at the same time point in each 378 compared movie. The actin channel was used to identify single actin filaments or two-379 filament actin bundles, and ROIs of a 3-pixel segmented line were created along all single 380 filaments or two-filament bundles in the selected frame. The mean fluorescence for each 381 segment was then measured using ImageJ. 382 383
Quantifying number of cells with Ain1 in actin patches 384
To quantify the number of cells containing Ain1-GFP in actin patches, one minute 385 timelapse movies of 1 frame per second were taken, imaging both Ain1-GFP and an actin 386 patch marker (ArpC5-mCherry or Fim1-mCherry). Movie files for independent 387 experiments and replicates were blinded and independently analyzed for number of cells 388
containing Ain1-GFP in actin patches using FIJI (Schindelin et al., 2012; Schneider et al., 389 2012) . For a single cell to count as positively containing Ain1-GFP in actin patches, three 390 criteria had to be met: 1) at least one distinguishable actin patch containing Ain1-GFP 391 was observed, 2) the observed actin patch(es) contained Ain1-GFP for at least 3 frames 392
and 3) the Ain1-GFP signal trajectory matched the channel expressing either ArpC5-393 mCherry or Fim1-mCherry. Total number of cells and cells with actin patches containing 394
Ain1-GFP were then calculated to obtain percent of cells containing Ain1-GFP in actin 395
patches .  396   397  398  399  400  401  402  403  404  405  406  407  408  409  410  411 or two-filament F-actin bundles in either the absence (red circles) or presence of Ain1 479 (orange triangles) or Ain1(R216E) (yellow squares). Error bars=s.e. Two-tailed t-tests for 480
data sets with unequal variance yielded p-values *p=2.16x10 -4 , **p=0.054, ***p=0.026, 481 + p=1.13x10 -10 , ++ p=0.46, +++ p=2.39x10 -12 , and # p=3.90x10 -4 , ## p=0.18, ### p=1.97x10 -5 . 482
Two independent experiments were performed for each condition. In total, n=20 483 background measurements, n≥54 single filament measurements, and n≥16 two-filament 484 bundle measurements were taken for each condition. 
